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Bound states of double-heavy tetraquarks are studied in a constituent quark model. Two bound
states are found for isospin and spin-parity I(JP ) = 0(1+) in the bbu¯d¯ channel. One is deeply
bound and compact made of colored diquarks, while the other is shallow and extended as a BB∗
molecule. The former agrees well with lattice QCD results. A systematic decrease in the binding
energy is seen by replacing one of the heavy quarks to a lighter one. Altogether we find ten bound
states. It is shown for the first time that hadrons with totally different natures emerge from a single
Hamiltonian.
This paper addresses the spectrum and structure of
bound tetra-quark states with two heavy quarks. This is
a key problem of quantum chromodynamics (QCD) that
will lead to resolving confusion in interpreting the nature
of exotic resonances observed recently at high energy ac-
celerator facilities such as LHC, KEK and BEP.
Hadron spectroscopy has turned to a new phase in the
past 15 years by successive discoveries of new hadron res-
onances, such as X(3872), Pc and others [1–3]. As they
do not fit into the conventional meson (qq¯) and baryon
(qqq) pictures, their structure and dynamics must be dif-
ferent from the ordinary hadrons. Another notable fea-
ture of some of the newly found resonances is their narrow
widths, in spite of sizable phase space open to hadronic
decay channels.
Various interpretations have been given for the ob-
served exotic resonances [4, 5]. Some are consistent
with loosely bound states of hadrons, forming hadronic
molecules. For instance, X(3872) was suggested to be a
molecular bound state ofD and D¯∗ [6]. Another interpre-
tation is a threshold cusp, i.e., a kinematical effect, as it
is located just at the threshold of D plus D∗ mesons [7, 8].
Yet it has been also claimed that X(3872) is a superposi-
tion of a compact cc¯ state and a D-D¯∗ molecular compo-
nent [5, 9]. This example shows that, in many cases, the
interpretations are not conclusive due to uncertainties in
hadron interactions and to the presence of many open
channels.
An alternative picture for exotic resonances is a com-
pact multi-quark (tetra-, or penta-quark) state. QCD
does not forbid such color-singlet multi-quark configura-
tions. Indeed, many theoretical works predicted compact
tetraquarks [10–12], pentaquarks [13] and dibaryons [14,
15]. Yet, none of them has so far been confirmed exper-
imentally, because the predicted states, that are above
some two-hadron thresholds, become resonances with of-
ten a large fall-apart decay width.
Recently, with experimental developments in heavy
hadron spectroscopy, possibilities of stable multi-quark
states are being discussed frequently. Let us focus on the
simplest one, tetraquarks formed by two quarks and two
antiquarks. Compact tetraquarks may be composed of
correlated colored diquarks generated by the strong color
Coulomb attraction. It was suggested that this effect be-
comes critically important for systems with two heavy
quarks, QQ′q¯q¯′ in Refs.[16, 17], whereQ(′) and q(′) denote
heavy (c and b) and light (u, d, s) quarks, respectively.
Unlike the QQ¯′qq¯′ system, QQ′q¯q¯′ is more likely to have
a bound state that is stable against strong decays, mainly
because the threshold energy for the latter, Qq¯+Q′q¯′, is
larger than the former, QQ¯′ + qq¯′. In fact, there have
been many theoretical studies about this possibility over
the years (see, for instance, Ref. [18, 19]), which however
remained inconclusive. Meanwhile, the existence of the
doubly charmed baryon Ξcc has been experimentally es-
tablished [20]. This made a semi-quantitative discussion
for double heavy teraquarks possible, giving large bind-
ing energies from an empirical mass formula [16, 21].
The purpose of this paper is to systematically study
stable QQ′q¯q¯′ tetraquark states with various flavor com-
binations in the non-relativistic quark model. We find
several stable states, one of which is a strongly bound
bbq¯q¯ with isospin and spin-parity I(JP ) = 0(1+), having
a binding energy of almost 200 MeV. This confirms the
earlier discussions [16, 21] and is also consistent with the
predictions of lattice QCD [22–25]. We have also found
a shallow state for the same I(JP ) = 0(1+) channel.
By computing density distributions, it is shown that the
deep one is a compact tetraquark state, while the shallow
one is regarded as a loosely-bound molecule of two color
singlet mesons, B and B∗. This is a hadronic analogue
of the cluster formation in light nuclei [26], the first ex-
ample that hadrons with totally different nature emerge
from a single Hamiltonian. It is a universal feature of
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2quantum many-body systems which will clarify unsolved
problems of colored QCD dynamics.
For the quark model Hamiltonian, we employ the form
of AP1 of Ref. [27] (See Eq. (2) of [27]), which is com-
posed of a power-law confinement term and a gluon-
exchange potential with non-relativistic kinetic energy.
This Hamiltonian has been also employed for our former
studies of pentaquarks of qqqcc¯ and ssscc¯ [28, 29]. For
determining the existence of bound states, it is important
for the calculation to treat the relevant threshold energies
consistently. In order to improve the fit to the threshold
meson masses, we have tuned the potential parameters.
In Table I, we compile the values of the Hamiltonian pa-
rameters and the calculated masses of the heavy mesons
relevant to the present study of tetraquarks. Compared
with the experimental values, the meson masses are re-
produced within the errors of at most 30 MeV or much
less. The errors of the binding energies are expected to
be less, as large part of errors will be cancelled by tak-
ing the mass differences of the tetraquark and threshold
mesons.
One missing element here is hadron dynamics, in par-
ticular meson-exchange interactions at long distances.
There are reasons, however, important features of our
present discussions are robust. For deeply bound com-
pact states such dynamics can be negligible. Whether
or not shallow states exist may be modified, while their
molecular structure remains unchanged as long as bind-
ing energies are small.
TABLE I. The parameters of the Hamiltonian and the cal-
culated masses (Cal) of heavy mesons compared with their
experimental values (Exp).
Parameters Masses (MeV)
Cal Exp
mu,d (GeV) 0.277 ηb(0
−) 9375 9399
ms (GeV) 0.593 Υ(1
−) 9433 9460
mc (GeV) 1.826 ηc(0
−) 2984 2984
mb (GeV) 5.195 J/ψ(1
−) 3102 3097
p 2/3 B−(0−) 5281 5279
κ 0.4222 B∗−(1−) 5336 5325
κ′ 1.7925 Bs(0−) 5348 5367
λ (GeV5/3) 0.3798 B∗s (1
−) 5410 5415
Λ (GeV) 1.1313 D−(0−) 1870 1870
A (GeVB−1) 1.5296 D∗−(1−) 2018 2010
B 0.3263
To solve the four-body problem accurately, we employ
the Gaussian expansion method [30]. The variational
wave function of a tetraquark, ΨI,JM , with isospin I and
total spin (J,M) is formed as follows:
ΨI,JM =
∑
C ξ
(C)
1
∑
γ B
(C)
γ η
(C)
I
[[[
[χ 1
2
χ 1
2
]sχ 1
2
]
Σ
χ 1
2
]
K
× [[φ(C)n` (rC)ψ(C)NL(RC)]Λφ′(C)νλ (ρC)]G]
JM
,(1)
FIG. 1. Seven sets of Jacobi coordinates for QQq¯q¯
tetraquarks. The heavy quarks Q and light anti-quarks q¯
are labeled by 1, 2 and 3,4, respectively. They are classi-
fied into four types according to the color combinations, as
K (C = 1, 2), K′ (C = 3, 4), H (C = 5, 6), and H ′ (C = 7)
types.
where ξ1 stands for the color singlet (indicated by the
lower index 1) wave function, η for the isospin of light
quarks, χ for the spin of each quark, and φ, ψ, φ′ denote
spatial wave functions. The label (C) specifies a set of
Jacobi coordinates shown in Fig. 1, which are to coincide
with the color combinations of quarks. When two quarks
are connected by a line, they form a color 3¯, while a
quark and an antiquark will be connected to form a color
singlet state. For example, the color wave functions, ξ
(C)
1 ,
for C = 1 and 4 are given by ξC=11 = [((12)3¯, 3)3, 4]1
and ξC=41 = [((14)1, 3)3¯, 2]1, respectively. The label γ
in Eq. (1) includes all quantum numbers needed for the
expansion, γ ≡ {s,Σ,K, n,N, ν, `, L, λ,G}.
The expansion coefficients, or the variational param-
eters, B
(C)
γ , are determined by matrix diagonalization.
Details of the method and its validity and accuracy are
discussed in Ref [30]. It should be noted that the preci-
sion is very important in the present analysis because the
bound states are often close to the two-body thresholds,
where the system becomes very dilute, making it much
harder to obtain accurate wave functions and eigenener-
gies.
Bound tetraquark states, QQ′q¯q¯′, are searched for var-
ious flavor combinations from light to heavy quarks with
spin and parity JP = 0+, 1+ and 2+. In the presence of
light quarks, flavor combinations are expressed by isospin
I. We have found altogether ten bound tetraquarks as
shown in Fig. 2, six for JP = 1+ (red bars), two for 0+
and two for 2+ (blue bars). Other combinations, such
as the one with all heavy quarks, do not accommodate
stable states due to the relatively low threshold masses of
fall apart mesons. We therefore conclude that the com-
bination of heavy and light quarks is the key to generate
stable bound states.
In Fig. 2, the resulting energies −EB (EB : binding en-
ergy) are shown in units of MeV together with their quan-
tum numbers I(JP ). In the figure, dashed bars stand for
fall-apart two meson thresholds as indicated beside the
3bars. The columns are drawn relative to the threshold
energies of the pseudoscalar (0−) plus vector (1−) meson
masses such as BB∗, DB∗ for each quantum number.
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FIG. 2. Bound tetraquarks with their energies −EB (MeV)
measured from the thresholds for various flavor contents. The
labels beside each bar indicate isospin and spin-parity quan-
tum numbers I(JP ). The hatch pattern in the bcq¯q¯ sector
indicates that the distance between the DB∗-D∗B∗ thresh-
olds does not reflect the actual scale.
Let us discuss the nature of these bound states.
JP = 1+: For bbu¯d¯ (I = 0), we have obtained two bound
states; one is deeply bound with a binding energy of 173
MeV, and the other shallow one with a binding energy
of 4 MeV. As we will discuss shortly, these two states
have very different internal structures. If we change the
bottom quarks to charm or strange quarks for the deeply
bound state, its binding energy decreases; specifically, in
the order of the reduced masses of the quark pairs bb, bc,
cc, bs, it decreases systematically as 173, 40, 23 and 5
MeV, respectively.
This behavior is explained by the color electric force
between heavy quarks, as emphasized in Refs. [16, 17].
For color 3¯ states, it provides half of the attraction
strength of the color singlet quark and antiquark pair.
Moreover, due to its 1/r behavior at short distances the
attraction increases proportional to the reduced mass
of the two quarks. To demonstrate this explicitly, we
plot the expectation values of the Coulomb (1/r) term
of the color-electric potential for the bQ pair in a bQq¯q¯
tetraquark (red line) and for the QQ pair in a QQq¯q¯
tetraquark (blue line) as functions of mQ in Fig. 3. When
mQ = mb, the two results agree, with the large attrac-
tion energy of ∼ −200 MeV. As mQ decreases down to
∼ 1 GeV, where a bound state still exists, the absolute
values of both the QQ and bQ energies decrease mono-
tonically. The Coulomb energy for bQ is more attractive
than for QQ, because the reduced mass of bQ is larger
than that of QQ. The increase in the attractive energy
is also understood intuitively by the decrease in the size
of the bQ pair as shown in Table III.
There is another bound state for bbs¯q¯ : I(JP ) =
1/2(1+) with a binding energy of 59 MeV. This is the
strange analogue of the deeply bound state of 173 MeV.
The difference between the two energies is partly due
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FIG. 3. Coulomb energies of the bQ pair in the bQq¯q¯
tetraquark (red line) and that of the QQ pair in the QQq¯q¯
tetraquark (blue line), as functions of mQ.
to the the spin-spin interaction, which is weaker for the
strange quark than for the up and down quarks.
Other JP ’s: We have found two bound states with
I(JP ) = 0(0+) for bcq¯q¯ bound below the BD thresh-
old by 37 MeV, and for bsq¯q¯ by 7 MeV. Their Q and
Q′ are in symmetric configurations, so that their siblings
in the bbq¯q¯ or ccq¯q¯ channels are forbidden by the Pauli
principle. This is realized in a lattice QCD calculation
as well [23].
Lastly, we have also found two more states with JP =
2+. The one in the bbq¯q¯ channel of I = 1 is located
only 3 MeV below the B∗B∗ threshold. This state is
formed by the bad anti-diquark q¯q¯ of (I(J+) = 1(1+))
bound to the heavy vector diquark bb. The mass differ-
ence from the state of 0(1+) with 173 MeV binding energy
can mostly be explained by the spitting between the good
(I(JP ) = 0(0+)) and bad anti-diquarks. The other 2+
bound state appears in a bcq¯q¯ configuration with a small
binding energy of 5 MeV below the D∗B∗ threshold.
TABLE II. The energies of stable tetraquarks−EB in compar-
ison with recent lattice QCD calculations in units of MeV [22–
25]. N stands for “no bound state”. Refs. [22, 23, 25] report
binding energies directly, while only the meson and tetraquark
energies are given in Ref. [24]. The shown errors for Ref. [24]
here are estimated by combining the errors of the individual
hadron masses in quadrature.
I(JP ) This work [22] [23] [24] [25]
bbq¯q¯ 0(1+) −173 −189± 13 −143± 34 − −186± 15
bcq¯q¯ 0(1+) −40 − − 13± 3 −
ccq¯q¯ 0(1+) −23 − −23± 11 − −
bsq¯q¯ 0(1+) −5 − − 16± 2 −
bbs¯q¯ 1
2
(1+) −59 −98± 10 −87± 32 − −
bbq¯q¯ 1(0+) N − −5± 18 − −
bcq¯q¯ 0(0+) −37 − − 17± 3 −
ccq¯q¯ 1(0+) N − 26± 11 − −
bsq¯q¯ 0(0+) −7 − − 18± 2 −
4Next, we compare our results with those of recent lat-
tice QCD calculations [22–25] in Table II. We see that for
the channels containing either cc or bb heavy quarks, the
agreement between the lattice and our quark model re-
sults is rather good. Especially for the deeply bound bbq¯q¯
and bbs¯q¯ cases with I(JP ) = 0(1+) for which calculations
of multiple lattice QCD collaborations are available, the
quark model states lie within an energy range of at most
40 MeV of the lattice results. For all other states with
cc or bb heavy quarks, the bound states, if any, are only
rather shallow both for the quark model and the lattice
calculations. Conversely, for the channels with bc and bs
quarks which have been studied in Ref. [24], there is some
disagreement between the lattice and the quark model re-
sults. Specifically, we find bound states for all of them
in our work, while on the lattice no such bound state is
obtained.
We continue by discussing the two-body density dis-
tributions for quark pairs in the tetraquarks, which will
help revealing their spatial structure. The two-body den-
sity distribution of a qq′ pair, where q or q′ indicates any
quark or anti-quark in the tetraquark, is defined by
ρqq′(rqq′) =
∫
drˆqq′dx1dx2 |ΨJM (rqq′ ,x1,x2)|2 (2)
where rqq′ = |rqq′ | is the distance between q and q′, rˆqq′
is the angular part of the relative q-q′ coordinate, and x1
and x2 denote the other Jacobi coordinates.
In Fig. 4, we show r2ρqq′(r) for various qq
′ pairs in the
two bbq¯q¯ tetraquarks of I(JP ) = 0(1+). For the deeply
bound state (a), we see a very compact structure for the
bb pair, while the bq¯ and q¯q¯ pairs have extended den-
sity distributions. This is what we expect; the bb pair is
strongly attracted due to the color-electric force, while
this effect is smaller for the bq and qq pairs as the at-
traction is proportional to their reduced masses. Turn-
ing to the shallow bound state (b), all diquark pairs are
extended and furthermore, the bb distribution shows a
node-like structure. This implies that this state is a nodal
excitation of the bb pair.
To understand these features more quantitatively, we
summarize in Table III, the mean distances, Rqq′ ≡(∫
r2ρqq′(r) r
2dr/
∫
ρqq′(r) r
2dr
)1/2
, of various pairs of
quarks (and antiquarks). One sees clear tendencies that
the density distributions depend on the types of quark
pairs and their binding energies. Namely, the deep bound
states have a smaller RQq¯−Q′q¯, the distance between the
centers of mass of Qq¯ and Q′q¯, compared to the shal-
low ones, for which RQq¯ < RQq¯−Q′q¯. This indicates that
the shallow states are loosely bound (molecular) states
of color singlet mesons, (Qq¯)1 + (Q
′q¯)1, where the index
1 denote color singlet. In particular, the node-like struc-
ture of bb may transfer to the similar structure for the
mesons. It is very interesting to see two extreme cases
of bound states, one deep and compact, the other shal-
low and molecular, simultaneously in the spectrum of the
single quark model Hamiltonian. This is the first exam-
ple of a hadronic analogue of cluster formation in spectra
of light nuclei, where cluster structures made of α parti-
cles are developed around the α emission thresholds [26],
while the lower bound states are compact shell-model-like
states.
10
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FIG. 4. Density distibutions for various quark pairs in the
deep (a) and shallow (b) bbq¯q¯ tetraquarks of JP = 1+.
QQ′q¯q¯ I(JP ) −EB RQQ′ RQq¯ RQ′q¯ Rq¯q¯ RQq¯−Q′q¯
bbq¯q¯ 0(1+) −173 0.34 0.84 0.74 0.32
bbq¯q¯ 0(1+) −4 1.09 0.93 1.11 1.07
bcq¯q¯ 0(1+) −40 0.65 0.79 0.80 0.94 0.61
ccq¯q¯ 0(1+) −23 0.83 0.85 1.00 0.75
bcq¯q¯ 0(2+) −5 1.72 1.38 1.40 1.93 1.57
TABLE III. Mean distance Rqq′ [fm] for various tetraquarks.
Binding energies EB are in units of MeV.
The states that we have discussed so far are stable
against the strong decay, while they decay through the
electro-magnetic or weak interactions. For example, the
I(JP ) = 0(1+) state of bcu¯d¯ with binding energy 40 MeV
will decay radiatively into D+B + γ(M1). Similarly all
the JP = 1+ states above the two 0− meson thresholds,
and 2+ states above the 0− and 1− meson thresholds, are
subject to such decays. The two deeply bound states, the
bbu¯d¯ (0(1+)) and bcu¯d¯ (0(0+)) states, on the other hand,
can decay only via the weak interaction.
Summarizing, we have found a few stable bound states
in QQ′q¯q¯′ tetra quark systems in the quark model. The
deep compact bound state in bbu¯d¯ (and also in ccu¯d¯)
with I(JP ) = 0(1+) agrees well with the lattice QCD
prediction. A shallow bbu¯d¯ (0(1+)) bound state is also
found, whose wave function is consistent with a molecule-
type loosely bound state of B and B∗ mesons. This is
the first hadronic example of a set of a deep and shallow
bound states in the same channel.
Acknowledgments:
This works is supported in part by Grants-in Aid for
Scientific Research on Innovative Areas, No. 18H05407
for QM, EH, AH, and JP19H05159 for MO. KUC is
5supported by the Australian Research Council Grant
DP190100297. P.G. is supported by the Grant-in-Aid for
Early-Carrier Scientists (JP18K13542), Grant-in-Aid for
Scientific Research (C) (JP20K03940) and the Leading
Initiative for Excellent Young Researchers (LEADER) of
the Japan Society for the Promotion of Science (JSPS).
[1] S. K. Choi et al. [Belle], Phys. Rev. Lett. 91, 262001
(2003) doi:10.1103/PhysRevLett.91.262001 [arXiv:hep-
ex/0309032 [hep-ex]].
[2] R. Aaij et al. [LHCb], Phys. Rev. Lett. 122, no.22,
222001 (2019) doi:10.1103/PhysRevLett.122.222001
[arXiv:1904.03947 [hep-ex]].
[3] A. Hosaka, T. Iijima, K. Miyabayashi, Y. Sakai
and S. Yasui, PTEP 2016, no.6, 062C01 (2016)
doi:10.1093/ptep/ptw045 [arXiv:1603.09229 [hep-ph]].
[4] H. X. Chen, W. Chen, X. Liu and S. L. Zhu, Phys. Rept.
639, 1-121 (2016) doi:10.1016/j.physrep.2016.05.004
[arXiv:1601.02092 [hep-ph]].
[5] Y. Yamaguchi, A. Hosaka, S. Takeuchi and M. Takizawa,
J. Phys. G 47, no.5, 053001 (2020) doi:10.1088/1361-
6471/ab72b0 [arXiv:1908.08790 [hep-ph]].
[6] N. A. Tornqvist, Z. Phys. C 61, 525-537 (1994)
doi:10.1007/BF01413192 [arXiv:hep-ph/9310247 [hep-
ph]].
[7] C. Hanhart, Y. S. Kalashnikova, A. E. Kudryavtsev
and A. V. Nefediev, Phys. Rev. D 76, 034007 (2007)
doi:10.1103/PhysRevD.76.034007 [arXiv:0704.0605 [hep-
ph]].
[8] R. Aaij et al. [LHCb], [arXiv:2005.13419 [hep-ex]].
[9] M. Takizawa and S. Takeuchi, PTEP 2013, 093D01
(2013) doi:10.1093/ptep/ptt063 [arXiv:1206.4877 [hep-
ph]].
[10] L. Maiani, F. Piccinini, A. D. Polosa and
V. Riquer, Phys. Rev. D 71, 014028 (2005)
doi:10.1103/PhysRevD.71.014028 [arXiv:hep-
ph/0412098 [hep-ph]].
[11] K. Terasaki, Prog. Theor. Phys. 118, 821-826 (2007)
doi:10.1143/PTP.118.821 [arXiv:0706.3944 [hep-ph]].
[12] S. Takeuchi, M. Takizawa and K. Shimizu, PoS
Hadron2013, 062 (2013) doi:10.22323/1.205.0062
[13] R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003
(2003) doi:10.1103/PhysRevLett.91.232003 [arXiv:hep-
ph/0307341 [hep-ph]].
[14] R. L. Jaffe, Phys. Rev. Lett. 38, 195-198 (1977)
doi:10.1103/PhysRevLett.38.195
[15] M. Oka and K. Yazaki, Phys. Lett. B 90, 41-44 (1980)
doi:10.1016/0370-2693(80)90046-5
[16] M. Karliner and J. L. Rosner, Phys. Rev. Lett. 119, no.
20, 202001 (2017) doi:10.1103/PhysRevLett.119.202001
[arXiv:1707.07666 [hep-ph]].
[17] E. J. Eichten and C. Quigg, Phys. Rev. Lett. 119, no.
20, 202002 (2017) doi:10.1103/PhysRevLett.119.202002
[arXiv:1707.09575 [hep-ph]].
[18] J. Vijande, A. Valcarce and N. Barnea, Phys. Rev.
D 79, 074010 (2009) doi:10.1103/PhysRevD.79.074010
[arXiv:0903.2949 [hep-ph]].
[19] T. F. Carames, J. Vijande and A. Val-
carce, Phys. Rev. D 99, no.1, 014006 (2019)
doi:10.1103/PhysRevD.99.014006 [arXiv:1812.08991
[hep-ph]].
[20] R. Aaij et al. [LHCb Collaboration], Phys.
Rev. Lett. 121, no. 16, 162002 (2018)
doi:10.1103/PhysRevLett.121.162002 [arXiv:1807.01919
[hep-ex]].
[21] M. Karliner and J. L. Rosner, Phys. Rev. D 90,
no. 9, 094007 (2014) doi:10.1103/PhysRevD.90.094007
[arXiv:1408.5877 [hep-ph]].
[22] A. Francis, R. J. Hudspith, R. Lewis and K. Malt-
man, Phys. Rev. Lett. 118, no.14, 142001 (2017)
doi:10.1103/PhysRevLett.118.142001 [arXiv:1607.05214
[hep-lat]].
[23] P. Junnarkar, N. Mathur and M. Pad-
manath, Phys. Rev. D 99, no.3, 034507 (2019)
doi:10.1103/PhysRevD.99.034507 [arXiv:1810.12285
[hep-lat]].
[24] R. J. Hudspith, B. Colquhoun, A. Francis, R. Lewis and
K. Maltman, [arXiv:2006.14294 [hep-lat]].
[25] P. Mohanta and S. Basak, [arXiv:2008.11146 [hep-lat]].
[26] K. Ikeda, N. Takigawa and H. Horiuchi, Prog.
Theor. Phys. Suppl. E68, 464-475 (1968)
doi:10.1143/PTPS.E68.464
[27] B. Silvestre-Brac, Few Body Syst. 20, 1-25 (1996)
doi:10.1007/s006010050028
[28] E. Hiyama, A. Hosaka, M. Oka and J. M. Richard,
Phys. Rev. C 98, no.4, 045208 (2018)
doi:10.1103/PhysRevC.98.045208 [arXiv:1803.11369
[nucl-th]].
[29] Q. Meng, E. Hiyama, K. U. Can, P. Gubler,
M. Oka, A. Hosaka and H. Zong, Phys. Lett. B
798, 135028 (2019) doi:10.1016/j.physletb.2019.135028
[arXiv:1907.00144 [nucl-th]].
[30] E. Hiyama, Y. Kino and M. Kamimura, Prog. Part.
Nucl. Phys. 51, 223-307 (2003) doi:10.1016/S0146-
6410(03)90015-9
